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Abstract

Altered dendritic spines are characteristic of traumatized or diseased brain. Two general categories of spine pathology can be
distinguished: pathologies of distribution and pathologies of ultrastructure. Pathologies of spine distribution affect many spines along the
dendrites of a neuron and include atered spine numbers, distorted spine shapes, and abnormal loci of spine origin on the neuron.
Pathologies of spine ultrastructure involve distortion of subcellular organelles within dendritic spines. Spine distributions are altered on
mature neurons following traumatic lesions, and in progressive neurodegeneration involving substantial neurona loss such as in
Alzheimer's disease and in Creutzfeldt—Jakob disease. Similarly, spine distributions are atered in the developing brain following
malnutrition, alcohol or toxin exposure, infection, and in a large number of genetic disorders that result in mental retardation, such as
Down's and fragile-X syndromes. An important question is whether altered dendritic spines are the intrinsic cause of the accompanying
neurological disturbances. The data suggest that many categories of spine pathology may result not from intrinsic pathologies of the spiny
neurons, but from a compensatory response of these neurons to the loss of excitatory input to dendritic spines. More detailed studies are
needed to determine the cause of spine pathology in most disorders and relationship between spine pathology and cognitive deficits.
0 2002 Elsevier Science BV. All rights reserved.
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1. Introduction

The principa neurons of most brain regions are covered
with small protrusions known as dendritic spines. Den-
dritic spines are the main sites of excitatory synaptic input
for these neurons. Dendritic spine distribution and struc-
tureis altered in many diseases, including various forms of
mental retardation. The similarity of spine pathology in
many different diseases lead to the recent proposa that
many types of mental retardation result from an common
inability of spiny neurons to form normal spines [137]. A
more generally applicable aternative may be that spine
pathology is symptomatic of a loss of connectivity rather
than a cause of it. To investigate these issues we review
the common characteristics and causes of spine abnor-
malities in a large number of pathological conditions.

The pathology of dendritic spines is of general interest
for severa reasons. Spines appear to serve severa different
functions [113,244], and observation of spine changes
under the extreme conditions brought on by disease, injury,
or experiment can help in understanding the relative
importance of these functions. As principa sites of synap-
tic input spines play a key role in connectivity in the brain.
Alterations in spine morphology that accompany disease
are expected to have a significant impact on mental
function. In addition, understanding spine plasticity in the
extreme of pathological conditions will help elucidate the
limits of normal synaptic plasticity during development,
and during learning and memory in the mature brain.

Dendritic spines have received intense study in pathol-
ogy because they are one of the few indicators of neuronal
connectivity that can be seen with ordinary light micro-

scopy [102]. However, only conditions far from normal
physiological limits, that have dramatic effects on spine
distribution, can be clearly identified in light microscopy.
Likewise, only serious diseases resulting in deterioration of
central nervous tissue, such as severe malnutrition or brain
edema, generate sufficiently large changes in spine struc-
ture to be readily observed in conventional electron
microscopy. Less extreme conditions, such as learning,
electrical stimulation, anesthesia, acute intoxication, and
aging, may lead to more subtle changes that go undetected
in routine light and electron microscopy. For this reason,
we do not discuss in detail many of these conditions nor do
we consider experimental manipulations such as over-
expression of particular proteins or anima genetic con-
structs, except where these are closely related to human
neuropathology. Dramatic effects observed with reasonable
descriptive methods are emphasized.

This review begins with a brief summary of normal
dendritic spine anatomy and development to provide a
context for assessing abnormalities. Typical spine
pathologies are then summarized, followed by a limited
review of specific diseases or conditions in which spine
pathologies are commonly observed. Some of these data
have been previously reviewed [238,102,124,126,137,141].

2. Dendritic spine structure, function, and
development

Dendritic protrusions exhibit a wide-variety of shapes.
Fiada and Harris [83] identified nine classes of synaptic
specializations that protrude from dendrites in the centra
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nervous system (CNS). These protrusions range from
simple spines to complex, multi-lobed excrescences with
many synapses. Simple dendritic spines are by far the most
common protrusion type on principa neurons of the CNS,
and have been the main focus of most pathology studies.
This review will focus primarily on simple dendritic
spines.

A simple dendritic spine usually consists of a bulbous
head attached to the dendrite by a narrow stalk or neck
(Fig. 1). However, spines can be short and stubby with no
neck congtriction, or long and thin with no head enlarge-
ment. Dendritic spines vary greatly in neck diameter,
length, volume, and surface area. Spine volumes can vary
over at least an order of magnitude along a short segment
of dendrite. Large spines, (often called mushroom spines,)
have heads up to 1.0 wm in diameter. Spine necks can be
as narrow as 40-50 nm in some instances, though most
necks are more than 100—200 nm in diameter. Simple
dendritic spines in dense neuropil are usualy less than 2
pm long. Longer spines are occasionally found when
target axons are farther away from the dendrites, such as
when spines wind their way into adjacent axon bundles in
the reticular nucleus of the thalamus and in the gelatinous
substance of the spinal cord dorsal horn [238].

2.1. Filopodia and spine development

Dendrites do not start out covered with spines. Newly
formed dendrites are devoid of synapses and spine-like
protrusions. During the period of synaptogenesis, dynamic,
finger-like protrusions begin to emerge from the dendrites
(Fig. 2). These filopodia form nascent synapses at contacts
with axons or axonal filopodia [82]. Synapses can be seen

al aong the length and at the base of filopodia, and a
single filopodium can receive multiple synapses. Often
there is a swelling or enlargement in the filopodium at the
locus of a synapse. Thus, when synapses occur at the tip, a
filopodium can exhibit a bulbous head. Such a filopodium
is still distinguishable from a spine in that it is longer than
2 pm and is filled with a denser actin matrix.

The filopodium is highly motile, extending and retract-
ing its entire length in 10 min [54]. Filopodia are longest
during early development, when the neuropil is less dense.
They can be 10 wm long in some cases. Even neurons that
are nonspiny at maturity exhibit dendritic filopodia during
developmental synaptogenesis [298]. Thus, filopodia ap-
pear to be intimately involved in the process of synap-
togenesis. Filopodia may be involved in locating and
recognizing appropriate axonal partners, and guiding them
to the dendrite. Filopodia can retract completely to leave
shaft synapses in some cases while retracting into more
spine-like shapes in others [54,82].

As synaptogenesis proceeds, dendrites begin to exhibit
normal looking spines. These may emerge from the shaft
synapses or form from retracted filopodia. The early spines
often dtill receive more than one synaptic contact. Spine
density increases during the synaptogenic period. On the
dendrites of CA1 pyramidal cells in stratum radiatum, for
example, spine density doubles between postnatal day 15
and adulthood [112]. As the neuropil becomes densely
packed with axonal boutons and dendritic spines, dendritic
filopodia decrease in length and frequency, and are rarely
seen in the mature brain.

The cytoskeleton of dendrites is supported by micro-
tubules, but these structures are absent from filopodia and
simple spines. Filopodia and spines have a denser cyto-
plasm than dendrites, characteristic of an actin matrix [86].

Fig. 1. A reconstructed segment of a spiny dendrite from a pyramidal neuron reconstructed from stratum radiatum of hippocampal area CA1 of the adult
rat. Excitatory synapses (red) reside on the enlarged heads of dendritic spines, while a couple of inhibitory synapses (blue) reside on the dendrite shaft.

Scale=1 pm.
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Fig. 2. Immature dendrites extend filopodia during synaptogenesis. Left: A filopodium (F) extending from a dendrite (D) in the hippocampus of a
4-day-old rat. The cytoplasm of the filopodium is darker than that of the dendrite, characteristic of a denser actin matrix. Scale=500 nm. Right:
Reconstruction of a segment of this dendrite (D) reveals the 3D structure of this filopodium (F), and three additional filopodia. Synapses (red) occur at the
base of filopodia (arrows), on the tip of a filopodium (t), or on the dendrite shaft (sh). One filopodium (asterisk), extending 3.4 wm from the dendrite shaft,

is enlarged near the tip but receives no synapse there. Scae=1 pm.

This actin-based cytoskeleton is capable of supporting
rapid changes in shape [177,304]. However spines seem
relatively stable compared to filopodia, generaly exhib-
iting rapid changes only in the shape of the spine head
[88]. The overal moatility of dendritic protrusions de-
creases with maturity [64]. Spines may be relatively
immotile in the normal mature brain reflecting a stability
of connectivity. Still, the latent motility of spines may
allow rapid changes in spine density [110], and probably
contributes to the high sensitivity of spines to pathological
conditions.

2.2, Spine ultrastructure

Little is known about the dynamics of dendritic spine
organelles, since these are usualy only observable with
electron microscopy. Spines rarely contain mitochondria,
but a variety of other organelles are observed. Many spines
contain polyribosomes [256,261]. Some spines also contain
endosomal vesicles involved in endocytosis and membrane
recycling. Occasionally, an endosomal multivesicular body
is found within larger spines [258]. Smooth endoplasmic
reticulum (SER) also appears in some dendritic spines. The
spines of cerebellar Purkinje cells nearly aways contain
SER [114], while only a fraction of spines contain SER in
other brain regions [258]. SER cisternae within spines are
continuous with the reticulum in the dendrite [174,256].
Larger spines contain larger amounts of SER that often is
laminated in a characteristic structure called the spine
apparatus [107,256].

Excitatory synapses on spines are readily identified in
electron microscopy by the postsynaptic density (PSD), a
densely staining region adjacent to the postsynaptic mem-
brane. Dendritic spines in mature brain usualy receive a
single excitatory synapse on the spine head, but in some
brain regions spines have a second synapse on the neck
(e.g., Ref. [259]).

The size of the spine is closely related to the size of its
excitatory synapse. Spine surface area, spine volume,
bouton volume, and number of presynaptic vesicles are all
highly correlated with synaptic area, while the length of
the spine and the diameter of the neck are independent of
synapse size [114-116,240]. The synaptic area is 10-17%
of the surface area of the spine head [114,83]. Thus, large
spines have large synapses. These large synapses are
frequently perforated, with one or more nonsynaptic
regions in the middle of the synapse [206,256].

2.3 Spine function

Simple spines appear primarily in regions where the
main excitatory axons are forming Synapses in passing
[238,267]. For example, the dendrites of cerebral pyrami-
dal cells, granule cells of the dentate gyrus, and cerebellar
Purkinje cells are densely covered with spines when
mature. Over 95% of excitatory synapses on these neurons
occur on the dendritic spines, with each spine head
typically receiving one synapse [114,115,259]. The affer-
ent axons pass perpendicularly through the dendritic arbors
with vesicle-filled varicosities along their length. Most
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(75%) of these boutons en passant make just one synaptic
contact [245,247].

The density of spines on the dendrites is related to the
degree of connectivity between these neurons and the
axons that pass through their dendritic arbors. Consider
that CA1 pyramidal neurons have three spines per pm of
dendrite in stratum radiatum [112], while cerebellar Pur-
kinje neurons have as many as 15 spines per pm [114].
The higher density reflects increased connectivity between
Purkinje cells and the axons that pass through their
dendritic arbors. In spina cord, where synapses are just as
densely packed as in cerebral cortex [180], the principal
neurons receive most synapses directly onto dendrites
rather than on spines. Here the axons are forming complex
termina arborizations rather than boutons en passant. The
complexity of connectivity can thus be supported by the
axonal branching rather than by dendritic spines.

There is no consensus on the purpose of dendritic
spines, athough it seems clear that connectivity is a central
role [267]. Dendritic spines appear to serve other important
functions as well [113,244]. Spines compartmentalize Ca>"
and other signaling components, conferring specificity to
changes in synaptic efficacy [52,187]. This compartmen-
talization of calcium in spines might also help protect the
dendrite and neuron from excitotoxicity by restricting the
high calcium concentrations to the region of the synapse
[113,243]. In light of these multiple spine functions,
pathological changes in spine number or structure will
clearly have significant consequences for brain function.

3. Pathological changes in spines

Pathological changes in spines can be classified into two
general categories, pathologies of distribution and
pathologies of structure. Pathologies of distribution (Table
1) include dramatic increases and decreases in spine
density, and widespread changes in morphology. Common-
ly observed morphological changes include an overall
reduction in spine size or ateration in spine shape,
dendritic beading with concomitant loss of spines, and
sprouting of spines in abnormal locations. Pathologies of
structure (Table 2) include all those changes observable in
single spines, such as densfication of the cytoplasm,
hypertrophy of organelles or spine volume, and formation
of aberrant synapse-like connections.

3.1. Decrease in spine density

Many conditions lead to decreased numbers of dendritic
spines (Table 1). Spine loss can be caused by the loss of
the axons that normally synapse on spines. This type of
spine loss occurs within a few days of deafferentation, and
is often followed by reactive sprouting of other afferents

with at least partial recovery of spine density. If these other
afferent sources are also lesioned however, little recovery
occurs [46]. Permanent spine loss is evident in most forms
of mental retardation, including those resulting from
prenatal infection, malnutrition and toxin exposure. Spine
loss is also seen in epilepsy, prionoses and other neurode-
generative disorders. These conditions also have decreased
numbers of neurons, suggesting that spines are lost as a
result of a severe decline in the number and availability of
axona inputs to dendritic spines. In some progressive
conditions, spine loss begins with axon degeneration
before neuron loss can be detected [29,108]. In addition, it
should be noted that spine loss can occur without loss of
inputs. For example, the 30% decrease in spine density on
apical dendrites of hippocampal area CA1 pyramidal cells
during the estrus cycle [301] may involve gain and loss of
spine synapses without gain and loss of axonsin area CAL.
Estradiol treatment in ovariectomized animals (Section
4.13) leads to increased spine density with a concomitant
increase in multiple synapse boutons, suggesting that the
new spines make synapses with existing axons [303].

3.2 Increase in spine density

An increase in spine density is a less common outcome
of disease or injury, but it does occur (Table 1). In many
brain regions, normal development involves an increase in
synapses followed by pruning to mature levels [127].
Disruption of this developmenta pruning may be a route to
increased spine density. For example, ovariectomy disrupts
pruning in visua cortex [189]. Similarly, an overabund-
ance of dendritic spines in the reticular formation, vagal
nuclel and ventrolateral medulla in infants dying from
sudden infant death syndrome appears to represent a
failure of developmental synapse elimination, and may be
involved in the defective cardiorespiratory regulation
[197,213,268—270]. Defective pruning has aso been
blamed for increased spine density seen in phenylketonuria
[146] and fragile-X syndrome [130].

Environmental enrichment during development aso
results in increased spine and synapse density on pyrami-
dal cellsin occipital cortex [103,283] and in hippocampal
area CA1 [27]. Interestingly, enrichment does not increase
spine density in fetal alcohol syndrome [27]. This suggests
that conditions leading to decreased spine density, such as
feta alcohol syndrome (Section 4.6), aso block the
potential for spine density increases.

In most cases the cause of a spine density increase is
unknown, but severa possibilities should be considered.
The number of spines may increase when inputs that
contribute to the suppression of synapses are lesioned,
such as with climbing fiber lesions to cerebellar Purkinje
neurons [79]. In other cases of deafferentation, dendritic
atrophy may be so severe that the fewer remaining
dendrites may express more spines to compensate for the
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Table 1
Pathologies of spine distribution and shape
Section Spine Pathology Occurrence Fig.
deafferentation, agenesis,
most mental retardation,
3.1 Decrease in malnutrition, poisoning,
spine alcohol abuse, epilepsy, 3
density spongiform encephalitis,
Alzheimer's disease,
and others
some types of deafferentation,
3.2 Increase in environmental enrichment,
spine fragile-X syndrome, 3
density sudden infant death syndrome,
stimulatory drug use
3.3 Reduction in sensory deprivation, not
spine schizophrenia, shown
size Down’s syndrome
deafferentation, agenesis,
3.4 Distortion of malnutrition, epilepsy,
spine shape most mental retardation, 3
alcohol abuse, poisoning,
spongiform encephalitis
3.5 Varicosity acute excitotoxicity,
formation traumatic injury and edema, 3,4
epilepsy, hypoxial/ischemia
3.6 Ectopic olivopontocerebellar atrophy, not
spines Menkes disease, shown

o4&

metabolic storage diseases

overal loss of input [266]. While it is unclear that
increased numbers of available axonal inputs leads to more
spines in the same way that decreased afferents lead to
spine loss, this too remains a possibility. For example,
repeated use of stimulatory drugs can lead to increased
spine density (Section 4.6), but it is not known whether

this increased density involves increased numbers of

axons.

3.3 Reduction in spine size

As pointed out by Globus [102], the morphology of
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Table 2
Pathologies of spine ultrastructure
Section Spine Pathology Occurrence Fig.
3.7 Electron-dense brain edema,
spines traumatic injury, 5
neurodegeneration
3.8 Altered brain edema, not
endoplasmic intoxications shown
reticulum
3.8 Hypertrophied brain edema 6
spine apparatus
3.8 Hypertrophied brain edema 10
multivesicular
bodies
3.8 Hypertrophied brain edema 10
cytoskeleton
3.9 Giant spines deafferentation, 7
malnutrition
310  Axonless spines /f/"/’"_“\\_\ { deafferentation, 8
with axon-free ) [ ) agenesis
postsynaptic AN '
density ) [ > ] (/ [
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dendritic spines is dependent not only on the structural
integrity of the afferent axons but on their functional
integrity as well. Experiments with visual deprivation by
eyelid closure have reported mixed effects on spine density
in visual cortex [85,105,163,284]. However a frequent
finding with visual deprivation from birth is a reduction in
synapse and spine size [93,105,277], and an absence of the
normal complement of large, perforated synapses on spines
[12,277]. Apparently spine volume is reduced in the
absence of normal levels of presynaptic activity, while the
number of spines stays relatively unchanged. However,
sensory deprivation has also been shown to reduce the
motility of dendritic protrusions during synaptogenesis in
somatosensory cortex without reducing protrusion size or
density [152].

A reduction in spine size along entire dendrites has been
reported in the striatum of schizophrenics [223], and in
motor cortex of Down’'s syndrome infants [169]. This
suggests the possibility that in these conditions, as in
deprivation, some dendrites may receive synapses from
relatively quiescent axons.

3.4. Distortion of spine shape

Principal neurons in many forms of mental retardation

A B C D

Fig. 3. Camera lucida drawings of apica dendrites of pyramidal cells
from human cerebra cortex. A dendrite from normal 6-month-old infant
with no history of neurological disorder (A) has alarge number of spines,
while an analogous dendrite from a retarded 10-month-old child (B)
shows long, tortuous spines. (Reprinted with permission from Ref. [211].
Copyright 1974 American Association for the Advancement of Science).
A dendrite from a 5.5-month-old child with severe neurobehavioral
failure (C) shows numerous varicosities and long, thin spines. (Reprinted
with permission from Ref. [212]. Copyright 1982 Elsevier Science). A
dendrite from an adult case of fragile X syndrome (D) has a high density
of elongated and enlarged spines. (Reprinted with permission from Ref.
[297]. Copyright 1991 Wiley-Liss, Inc., a subsidiary of John Wiley &
Sons, Inc.).

have dendrites with distorted spine shapes (Section 4.4).
The spines are unusualy long and tortuous, sometimes
with multiple swellings or no head enlargement at al (Fig.
3). Deafferentation also produces such distorted spines
(Section 4.1), suggesting that, in general, this spine
pathology could be a response to loss of axons. Many
aspects of this distorted spine morphology are similar to
the early developmental state of neurons in which den-
drites exhibit long filopodia, sometimes with multiple
fusiform swellings (Section 2). Dendritic protrusions in
early development can appear very much like the elon-
gated spines in mental retardation [82]. Perhaps the lower
density of axons in the vicinity of afflicted dendrites
provokes compensatory mechanisms similar to those seen
in development in which spines elongate and snake
through the neuropil to reach axons farther away. These
abnormal spines may be highly dynamic structures like
filopodia, but spine motility in mental retardation, deaf-
ferentation, and other conditions has not yet been investi-
gated.

3.5. Varicosity formation

The formation of dendritic varicosities is often seen in
response to brain or neuronal injury. Loss of isotonicity is
accompanied by swelling of dendritic trunks, usualy
producing varicosities. The swelling of dendrites can be
compared to the inflation of a surgical glove, the fingers of
which disappear with the expansion of the ballooned
surface. In the same way, dendritic spines are absorbed by
the expansion of varicosities [218] (Fig. 4). Amazingly,
spines absorbed in this manner can recover their origina
shape after termination of the insult and elimination of
dendritic swelling [117]. Focal dendritic swelling with loss
of spines occurs in edematous neuropil (Section 4.9), and
in acute excitotoxicity caused by anoxia/ischemia [1,198],
convulsive drug application [61], epilepsy [22,239], and
postmortem degradation [218].

Dendrites in a number of progressive neurodegenerative
disorders exhibit non-hydropic varicosities that may aso
be related to spine loss. These include Huntington's
disease [252], frontal lobe dementia and motor neuron
disease [80], as well as Alzheimer’'s, Pick’s, and Creut-
Zfeldt—Jakob disease [77,123]. These varicosities may
contain abnormal intracellular inclusions associated with
the disease, such as the Lewy bodies in Parkinson’s disease
varicosities [202,203]. Focal dendritic swellings with
inclusions are seen in many other conditions as well, such
as in mucopolysaccharidoses [73]. Purpura et a. [212]
reported that varicosities associated with disordered spines
were related to abnormal organization of dendritic micro-
tubules in some cases of infantile neurobehavioral failure
(see Fig. 3C).

3.6. Ectopic spines

The appearance of spinesin locations where they are not
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Fig. 4. Varicose swellings in human neocortex in the vicinity of a tumor
give dendrites a beaded appearance and absorb spines when enlarging.
Upper left: Light micrographs compare a control dendrite (left) to a
dendrite with varicosities, spine loss and retracted or sessile spines (right).
Scale=2 pm. (Reprinted with permission from Ref. [257]. Copyright
1987 Springer-Verlag). Upper right: Three-dimensional reconstruction of
a varicosity showing loci of synapses (red) and puncta adherentia
(yellow) on absorbed spines. Bottom: A hydropic dendrite (D) with two
aberrant spines (asterisks) containing remnants of spine apparati. Scale=
500 nm.

normally found may indicate a persistent, or retroactive,
developmental state. Like dendritic filopodia (Section 2.1),
somatic protrusions are found on some neurons only
during early development [149]. Somatic spines appear on
Purkinje neurons at abnormally later times in disorders
such as olivopontocerebellar atrophy [79], fetal acohol
syndrome [184], Menkes disease [121], hypothyroidism
[151], and transmissible spongiform encephal opathy [20].
Somatic spines are also seen in the adult rat dentate gyrus
immediately after dlice preparation [295].

Other causes of ectopic spines include abnormal patterns
of innervation and metabolic storage disorders. Axonal
sprouting in reaction to experimental epilepsy leads to
abnormal dendritic spines on dentate granule cells [222].
In addition, granule cell somatic spines can appear within 3
h of the initiation of seizures [31,32]. Ectopic dendrites

and spines sprout from the axon hillock in gangliosidosis
[290] and sphingomyelin lipidosis [289]. Clearly, there are
diverse causes of ectopic spines, but some instances of
ectopic protrusions may indicate compensatory synap-
togenesis in response to a loss of axosomatic input.

3.7. Electron-dense spines

Damage to a neuron often leads to changes in dendritic
hydration, either increased or decreased, with notable
structural impact on spines. In addition to the hydropic
swelling already mentioned, neurons can exhibit a densifi-
cation of cytoplasm followed by a loss of organelle
integrity. Electron-dense spines appear dark when ob-
served by transmission electron microscopy. They are a
product of degenerating dendrites (Fig. 5), often associated
with dying cells (e.g., Ref. [156]). Electron-dense spines
are common in regions of necrosis, such as with traumatic
injury (Section 4.9), but can aso be found in other
neurodegenerative conditions such as Alzheimer's disease
[14] and in convulsant-induced degeneration [65].

3.8 Alterations of spine organelles

Spine pathology may also involve alterations in spine
organelles (Table 2), although this has been studied to a
much lesser extent in disease than changes in spine
distribution. Alterations in spine organelles result from
diverse causes. In some cases this involves injury to the
postsynaptic cell. In other cases excitotoxic injury from
excessive presynaptic glutamate release may be the princi-
pa factor. Pathological changes have been reported in the
synapse and postsynaptic density, polyribosomes, endo-
somes and the spine cytoskeleton. The postsynaptic density
is thickened by anoxia/ischemia [173]. A higher density of
polyribosomes has aso been observed in spines after
deafferentation [260]. Changes in spine endosomes and
cytoskeleton have been occasionally observed in edema
(Section 4.9).

An organelle found in many spines that has accordingly
received a lot of attention is the smooth endoplasmic
reticulum and spine apparatus. Pathology frequently seen
in edematous tissue is hydropic swelling and vacuolization
of the endoplasmic reticulum of dendrites and spines
[38,257]. This type of dilation is aso seen in Purkinje
neuron spines with chronic ethanol abuse [62]. In addition
to swelling, the spine apparatus can become elaborated
(Fig. 6), or atrophied [38]. A reduction in spine apparat-
uses has also been reported in anesthetized animals [60].
Interestingly, one ataxic rat mutant shows a complete
absence of smooth endoplasmic reticulum in spines of
Purkinje cells [56].

39. Giant spines

Neurons appear to have a number of alostatic mecha-
nisms for maintaining excitatory drive at an appropriate
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Fig. 5. Electron-dense dendritic spines. Left: A dendrite (D) from a rat
hippocampal slice has a dense cytoplasm and an enlarged mitochondrion
(asterisk). A dark spine synapsing with a normal looking bouton (B)
extends from the degenerating dendrite. Scale=500 nm. Right: A
hydropic axon terminal (A) synapses on an electron-dense and vacuolated
spine (asterisk) in human peritumorous cortex. Scale=400 nm.

level. One mechanism to recover excitatory drive is to
increase the number of excitatory synapses [143]. How-
ever, when few axons are available for additiona input,
giant spines may result. Giant spines (Fig. 7) form in
response to deafferentation as an apparent compensatory
mechanism for decreased numbers of presynaptic axons.
Enlarged synapses made with the few remaining axons
may represent an attempt to recover excitatory drive. Since
spine volume is directly related to synapse size in normal
brain (Section 2.2), the occurrence of giant synapses on

giant spines suggests that postsynaptic mechanisms are
operating normally to maintain this relationship. In this
sense, giant spines represent an exaggerated morphological
equivalent of synaptic scaling to compensate for lost input
[281,282].

3.10. Axonless spines

Although frequent during development, dendritic protru-
sions lacking axona synaptic partners are rare on spiny
neurons in the mature brain. Axonless spines can be
occasionally found in normal brain [214,255]. These spines
exhibit a PSD-like structure apposed to a structure other
than an axon. In cortex, these axon-free PSDs may be
apposed to specialized subsurface cisternae of SER in
perikarya (Fig. 8).

The frequency of axonless spines is increased when a
spiny neuron is deafferented by lesion [13,43,45,214], or
by neurodegenerative disease [148]. These axonless spines
often exhibit axon-free PSDs at synapse-like junctions with
glia or other dendrites. However, the presence of an axon-
free PSD depends on the availability of an aberrant
junctional partner, such as a glia process. Only spines
adjacent to such partners exhibit axon-free PSD junctions
in culture [13]. Although the increase in axonless spines
following deafferentation is transient in the mature brain,
in developmental agenesis of cerebellar granule cells,
Purkinje cell dendrites continue to exhibit axonless spines
well into maturity [5,215,248]. It is not known whether
individual axonless spines are transient, with rapid turn-
over like filopodia, or whether they are relatively stable
and permanent like normal spines. The appearance of
stability is often convincing, such as when Purkinje cell
spines make synapses with the dendrites of Golgi neurons
that contain presynaptic vesicles [249].

Fig. 6. The appearance of the spine apparatus in normal and diseased brain. Left: A large spine (S) extending from a dendrite (D) contains a spine
apparatus (arrow) in the spine neck. Scale=300 nm. A spine neck containing a spine apparatus cut transversely is shown in the inset. (Hippocampus, rat).
Right: A dendritic spine from human peritumorous neocortex synapses with a normal looking axon terminal (A). The spine is filled with a hypertrophic
spine apparatus, one of the cisternae of which is dilated (asterisk). Scale=200 nm.
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Fig. 7. Purkinje cell giant dendritic spines invaginate a large axon terminal. Compare the sizes of giant Purkinje cell spines (GS) and the enlargement of
their synapses with those of regular spines (s). A neurona nucleus (N) is nearby. This occasiona finding from the molecular layer of mouse cerebellar
cortex fully corresponds in appearance with giant spines described as a result of proteinaceous undernutrition. Scale=500 nm.

4. Conditions leading to spine pathology

A variety of insults and diseases can lead to the same
characteristic spine pathology. While the following review
is far from exhaustive, it provides additional perspective
on the possible role of axon loss as a general cause of
many different spine pathologies. The review focuses on
findings of the last 2 decades. The study of spine pathology
has a long history as can be appreciated from older reviews
[102,238].

Fig. 8. This dendritic spine (S containing a postsynaptic density is not
accompanied by a presynaptic terminal axon (axon-free postsynaptic
density). Instead, it is associated with the perikaryal plasma membrane
and a subsurface cistern (arrow) of a nerve cell (P). (Normal rat
thalamus). Scale=200 nm. (Reprinted with permission from Ref. [255].
Copyright 1982 Kluwer Academic Publishers).

4.1. Adult deafferentation and lesions

The effect of deafferentation by lesion of afferent
pathways has been intensively studied in animals, where
the consequences of experimental manipulations can be
readily observed. The majority of deafferentation studies
show dendrite atrophy and spine loss [102]. The acute
pathology begins with degeneration of the distal pieces of
the severed axons and their synaptic boutons (Fig. 9). This
anterograde degeneration of boutons is sometimes referred
to as Wallerian degeneration [219]. As degenerating
boutons are removed, many spines and their synapses are
lost within a few days [176,214]. This loss occurs, for
example, in pyramida cells after undercutting cerebra
cortex [230], in granule cells of the dentate gyrus follow-
ing lesions of entorhinal cortex [199,262], in cerebellar
Purkinje cells after transection of parallel fibers [42,186],
and in driatal spiny neurons after lesioning cortica
afferents [46].

Deafferentation can be followed by reactive mechanisms
that restore the lost synaptic complement, abeit from
abnormal afferent sources. In septal nuclel [214], striatum
[46], and dentate gyrus [182,199,262], where sprouting
axons reinnervate the neurons, synaptic recovery can be
substantial. The degree of recovery depends, obviously, on
the extent of deafferentation and the ability of remaining
axons to proliferate. In most regions the density of
dendritic spines does not fully recover even months after
deafferentation [285]. An additional compensatory mecha-
nism is often seen in which much larger synapses are
formed with the few remaining synaptic boutons [43,44].
For example, lesioning the nigrostriatal projection results
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Fig. 9. A dendritic spine extends from a dendrite (D) in peritumorous
cortex from human brain. The spine receives a synapse from a dark,
presumably degenerating axon terminal (asterisk). Scale=500 nm.

in loss of synapses and spines on striatal neurons with an
increase in the number of perforated synapses [128,129].

In addition to an overall reduction in spine density, other
spine changes are seen following deafferentation. Spines
with abnormal synaptic partners or axonless spines (Sec-
tion 3.10) forming synapse-like junctions with glia are
frequently seen [43,214]. Axonless spines are freguent
initially but disappear after several days. Unusualy long
spines are also seen. These spines can exhibit multiple
swellings along their length with multiple synaptic con-
tacts. After loss of 75% of the parale fiber axons in
cerebellar cortex, Purkinje cell dendrites extend elongated,
branched spines that synapse with the remaining axons
[43].

Although deafferentation of spines leads to spine loss,
under some circumstances destruction of other inputs can
lead to spine increases. Loss of climbing fiber input to
cerebellar Purkinje cells increases dendritic spine density
[251]. Apparently, normal climbing fiber input limits the
number of parallel fiber-related spines [250]. This
heterosynaptic regulation may explain why an infarct in
the cerebellar white matter would lead to increased spine
density on Purkinje cells [79]. Similar spine alterations can
also occur transneuronally. For example, transection of
corpus callosum leads to decreased spine density on
pyramidal neurons in layers receiving the callosal afferents

(111 and V) of auditory cortex, but increased spine density
in layer 1V [285].

4.2 Developmental deafferentation and agenesis

Loss of the principal afferents to spiny neurons during
early development produces many of the same alterations
in dendritic spines as seen with deafferentation in the
mature CNS. Corpus callosum sectioning at birth leads to
30% spine loss after 30 days [104]. An equally significant
amount of spine loss is seen in visual cortex following eye
removal or lesioning lateral geniculate nucleus at birth
[102], and in auditory cortex following inner ear destruc-
tion at birth [179]. Adult spine reductions resulting from
developmental injury can be less severe than those pro-
duced by adult injury, due to the increased plasticity of the
developing brain [230].

While these experimental manipulations would appear to
be relevant only to cases of injury, the developing brain is
vulnerable to many insults affecting neuronal proliferation,
migration, and survival [141]. Even a brief exposure to a
disease or toxin can have serious developmental conse-
quences if it occurs when a particular class of neurons is
proliferating, thereby reducing the number of these neu-
rons and deafferenting their target neurons. Insults during
the fifth gestational week may contribute in this way to
autism [53]. Disruption of the proliferation of cerebellar
granule cells during the third trimester may lead to
hyperactivity and attention deficit disorders in humans
[3,204].

Cerebellar granule cells are aso reduced by exposure to
radiation [4], hypothyroidism [151], vira infection
[18,139,158], and ethanol [162]. Genetic disorders re-
sulting in granule cell agenesis in humans are known, but
rare [81]. A number of mutations produce this condition in
mice where it is easily studied [215,250]. Purkinje cells
developing in the absence of granule cell axons till have
dendritic spines. These spines exhibit many of the same
aterations seen following deafferentation of adult Purkinje
cells (Section 4.1). There are numerous giant spines
[81,168], unusually long spines [158], and axonless spines
making synapse-like junctions on glia [5,122,168]. These
axonless spines persist in agranular cerebellum into old age
[215]. It is not clear why axonless spines persist after
agenesis more so than after deafferentation in the mature
cerebellum. One possibility is developmental arrest of a
postsynaptic maturation process. As mentioned in Sections
3.4 and 3.10, it is aso not known whether these abnormal
spines are transient structures similar to filopodia or
relatively stable like mature spines. Increased motility of
these protrusions would be expected in the case of
developmental arrest.

4.3 Malnutrition

Malnutrition can have severe consequences for both the
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mature and developing brain. Manutrition during develop-
ment can lead to neuronal loss through effects on neuronal
proliferation and survival. In severe cases, the ultimate
outcome can be reduced brain growth, hydrocephalus, and
mental retardation [217]. In the adult, prolonged malnutri-
tion can produce neuron loss and eventually dementia.

lodine deficiency, and the resulting thyroid hormone
deficiency, is one of the most common preventable causes
of mental retardation and cerebral palsy [57]. Hypothyroid-
ism during brain development results in neuronal cell loss
[165], with a subsequent loss of spines on the target spiny
neurons. In the cerebellum, hypothyroidism during granule
cell proliferation and migration results in widespread loss
of these neurons [151]. As a consequence, Purkinje cell
dendrites and dendritic spines are underdeveloped. Spine
loss on cortical pyramidal neurons has been frequently
observed in young hypothyroid animals [226], as well as
after adult-onset iodine deficiency [194].

Like hypothyroidism, protein—calorie manutrition dur-
ing development can severely affect neurona proliferation
and brain growth resulting in mental retardation. Spine loss
has been observed in pyramidal neurons in motor, somato-
sensory, and visual cortex [25,155]. This spine loss is
accompanied by a persistence of very long spines [25,241].
Protein malnutrition results in a significant reduction in the
number of spines and thorny excrescences on the dendrites
of CA3 pyramidal cells that receive input from dentate
granule cells [97]. Dentate granule cells aso exhibit fewer
spines [48]. Protein malnutrition during development can
aso produce a reduction of cerebellar granule cells
[49,119], with subsequent loss of Purkinje cell spines and
compensatory giant spines [41].

Some forms of prolonged vitamin deficiency induce
neuropathology in the mature CNS. Although the spine

pathologies of specific vitamin deficiencies have not been
fully described, they may be similar to those seen in
chronic ethanol exposure [286] (Section 4.6). Thiamin
deficiency leads to neuronal death [278] and the associated
neurological deficits often seen in chronic alcoholics [109].
Although increased spine density has been reported in
some regions [6,8], prolonged protein malnutrition in adult
life can also lead to neurona death and a loss of synapses
on target neurons [7,161].

4.4. Genetic disorders associated with mental
retardation

Mutations and chromosoma aberrations that lead to
mental retardation (Table 3) have consistently been associ-
ated with abnormalities in dendrite structure and in the
shape and density of dendritic spines [125,126,137]. The
lack of appropriate animal models for many of these
conditions means that most these studies have been
restricted to observations on postmortem material. Due to
the long time-interval between exitus and an ultrastructura
examination, very little data on ultrastructural changes in
dendritic spines of mentaly retarded individuals are avail-
able. The most consistent finding of the light microscopic
studies is dendritic spine loss from neocortical, hippocam-
pal and/or Purkinje neurons.

Examination of cerebra cortex in Down's syndrome
reveals a reduction in the length and branching of the
dendritic arbor, and a reduction in spine density [271].
This morphology is particularly pronounced in older
patients when compared with age-matched controls
[78,265,271,273]. Marin-Padilla [171], in a study of a
19-month-old Down'’s child, found three different patterns

Table 3

Some genetic disorders associated with mental retardation and spine pathology

Disorder Genetic defect Spine pathology® References

Down’s syndrome chromosome 21 trisomy 3.1, 33, 34,39 [78,169,171,265,271,273]

Fragile-X syndrome deficiency of FMRL protein 32,34 [120,130,297]

Lafora disease mutation of EPM2 gene 31 [33]

Maple syrup urine disease deficiency of branched-chain keto- 31 34 [136]
acid decarboxylase

Niemann—Pick disease deficiency of sphingomyelinase 31 [118,289]

Patau syndrome chromosome 13 trisomy 34 [169,170]

Phenylketonuria deficiency of hepatic enzyme 32 [146]
phenylalanine hydroxylase

Maternal phenylketonuria fetal exposure to 31, 34 [145,147)
hyperphenylaaninemia

Atypical phenylketonuria deficiency of dihydropteridine 31,34 [272]
reductase

Puppet-like syndrome of absence of maternal contribution to 31 [132]

Angelman chromosome 15q11-g13 region

Rett syndrome mutations of MECP2 gene 31 [24]

Tuberous sclerosis mutations of TSC1 or TCS2 genes 3.1, 39 [164]

“Listed by section number as in Tables 1 and 2.
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of spine pathology in pyramida neurons of motor cortex,
in addition to a few essentialy normal neurons. Some
neurons were densely covered with long, tortuous spines.
Other neurons were uniformly covered with short, thin
spines that were abnormally small in volume. A third type
of neuron exhibited significant spine loss, with the few
remaining spines having very large heads and thin necks.
A pattern of small spines in neonates and abnormally long
spines in older infants has been observed in more extensive
studies of Down’'s syndrome [273].

Spine loss with an increase in very long (4-8 um)
protrusions has been reported in cases of mental retarda-
tion of unknown etiology [211,212]. The long, tortuous
appearance of these protrusions contrasts sharply with
normal spines observed in age-matched controls (Fig. 3).
Many of the protrusions have prominent swellings at their
tips or fusiform dilations along their lengths. These
swellings may indicate the presence of synaptic contacts
(Section 2). Purpura [211], in one of the few studies to
include electron microscopy, has reported that these swell-
ings receive synapses from apparently normal presynaptic
axonal terminals. Unusually long, tortuous spines occur in
many other forms of mental retardation, including Patau
syndrome [169], fragile-X syndrome [297], maple syrup
urine disease [136], and fetal alcohol syndrome [75].

The similarity of spine pathology in different conditions
associated with mental retardation is striking. This corre-
spondence has lead to the recent suggestion that the
different genetic deficits associated with mental retardation
disrupt a common signaling pathway related to the de-
velopment of the dendritic cytoskeleton [137,216]. This
hypothesis is difficult to reconcile with the wide variety of
mutations implicated (Table 3). Even amino acid metabo-
lism mutations, which produce mental retardation only
when amino acids build up to toxic levels, exhibit the
characteristic spine pathology. Furthermore, the same
pathologies are seen in mental retardation caused by
hypothyroidism or malnutrition (Section 4.3). Perhaps few,
if any, of these conditions involve a direct deficit in
spine-related functions. However, certain X chromosome-
linked mutations implicated in mental retardation disrupt
proteins involved in dendritic signaling. Of particular
interest has been FMRP, the protein deficient in fragile-X
syndrome, and Rho-related proteins involved in regulating
the actin cytoskeleton and cytokinesis [216].

In fragile-X syndrome the abnormal abundance of long,
thin protrusions occurs in conjunction with an increased
spine density that apparently persists throughout life
[120,130,297]. This is suggestive of a prolonged active
filopodia stage, reminiscent of the persistent axonless
spines in agranular cerebellum, described above. Evidence
from fragile-X knockout mice suggests that this might not
be the case, however, since filopodia do not persist
abnormally during development [192], and yet a higher
density of longer and thinner filopodia-like protrusions are
found in the adult mutant [51].

4.5. Hypoxia or ischemia

Brain tissue is highly-dependent on blood oxygen and
glucose. Just 2 min of ischemia leads to a severe depletion
of neuronal ATP [89], consequential loss of ion homeosta-
sis, and continual depolarization [157]. Twenty minutes of
hypoxia leads to the formation of dendritic varicosities
[198], with corresponding loss of spines (Section 3.5).
This pattern of dendritic injury is blocked by glutamate
antagonists, and reproduced by 5 min exposure to gluta-
mate agonists [117,198], suggesting that the dendritic
injury is due to excitotoxicity.

As mentioned in Section 3.5, dendrites beaded by
excitotoxicity can often recover, however the long-term
consequences of an ischemic episode as short as 5 min can
be the eventual death of some neurons in the brain [157].
Since deafferentation studies have established that the loss
of the source of axons to spiny neurons leads to spine loss,
it is perhaps not surprising that ischemia-induced neuronal
death leads to decreased spine density. Spine loss has been
described in Purkinje cells of fetal sheep [220], rat
hippocampal pyramidal neurons [208], rat caudate neurons
[193], and in pyramidal neurons of sensory-motor cortex
[1], severa days after hypoxic or ischemic insults. These
insults were applied during early development, and in
some cases spine loss recovered within a few weeks.
However, ischemic lesions due to stroke in mature CNS
can produce more permanent spine loss [58].

4.6. Alcohol and drug abuse

Chronic ethanol consumption in a nutritionally adequate
diet can lead to dendritic spine pathology. Loss of spinesin
neocortical or hippocampal pyramidal cells and in cerebel-
lar Purkinje cells is the most wusua finding
[74,154,274,288]. Elongated and enlarged spines
[274,292,293], dilation of smooth endoplasmic reticulum
in spines [62], and shorter spines [154] have also been
observed. In some studies no change [34,35,153], or
increased spine density [76], has been found on some
neurons. Spine density sometimes recovers during with-
drawal [154].

As aready discussed, a contributing factor to spine loss
can be neuronal death and the consequent loss of afferents
to spines. Chronic ethanol consumption in adult animals
results in neurona loss in hippocampus [35,153] and
cerebellum [288]. Interestingly, megadoses of thiamin
during chronic ethanol exposure that prevent this neurona
death also prevent spine loss and enlargement, suggesting
that spine pathology in chronic ethanol exposure is due to
afferent loss [294].

Exposure of the fetus to ethanol can produce a charac-
teristic form of mental retardation known as fetal acohol
syndrome. A child with fetal alcohol syndrome had
cortical pyramidal neurons with reduced spine density and
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a predominance of long spines [75]. Animal models of
feta alcohol syndrome, created by feeding ethanol to
pregnant rats or guinea pigs, demonstrate spine and
synapse loss in cerebral cortex
[69,96,144,159,233,246,264], adthough one study found
increased spine density with many abnormally-shaped
spines [183]. Abnormally long and tortuous dendritic
spines [96,264], as well as persistent somatic spines on
Purkinje cells [184], have also been observed in animal
models of fetal alcohol syndrome.

As mentioned above, ethanol affects neura proliferation,
but it does so in a bimodal manner [162]. Depending on
the time and dosage, ethanol exposure can accelerate or
depress proliferation. The most frequently reported result
of fetal alcohol exposure is decreased numbers of neurons
[17,28,167,183,275]. This neurona loss may partialy
deafferent spiny neurons in fetal alcohol syndrome leading
to the observed spine pathology, but the degree of deaf-
ferentation has never been directly studied.

Repeated experience with other addictive drugs also
leads to spine pathology. Exposure to the stimulatory drugs
amphetamine or cocaine leads to dendritic hypertrophy and
increased spine density on the principal neurons of the
nucleus accumbens and pyramidal neurons in prefrontal
cortex [224]. The analgesic morphine, on the other hand,
leads to dendritic atrophy and decreased spine density on
these same neurons [225].

4.7. Poisoning

As with ethanol, chronic exposure to a variety of other
toxins during development can affect neuronal prolifer-
ation, survival, and ultimately spine density. For example,
antimitotic drugs, glucocorticoid steroids, or lead poison-
ing can reduce the number of cerebellar granule cells
[160,204]. Lead exposure, like ethanol exposure, can have
bimodal effects on cell proliferation [87]. This may explain
why some studies find increases in spine density with lead
poisoning [200,201] while others find spine loss [142].
Developmental exposure to chlorine dioxide causes spine
loss in neocortical pyramidal neurons [279]. Mercury
poisoning during development produces spine loss with
long and tortuous residua spines [196,263].

Acute exposure to some toxins can produce rapid spine
changes. Soman poisoning results in convulsions and an
80% reduction in dendritic spines on the basal dendrites of
CA1 pyramidal cells within 1 h [36]. Other convulsants
produce similar acute effects [131,195]. Convulsant-in-
duced spine loss may be due to excitotoxicity, since
application of a glutamate receptor agonist to these neu-
rons in culture leads to spine loss and dendritic varicosities
within 5-30 min [110,117], just as seen in prolonged
anoxia [198].

4.8. Epilepsy

Examination of patients suffering from tempora |obe

epilepsy reveals substantial spine pathologies in the brain
foci of seizures. The most frequent and obvious change in
the hippocampus is a loss of dendritic spines [239]. Large
portions of dendrites are devoid of spines, with a few
remaining spiny patches. Dendrites also frequently exhibit
periodic varicosities, or patterns of beading. Occasionally
elongated spines are seen with large and complex heads. In
one case of Lennox—Gastaut syndrome, a childhood epi-
leptic disorder associated with mental retardation, neocorti-
cal pyramida neurons were found to have fewer spines
[221]. Temporal lobe epilepsy patients generally also show
loss of pyramida neurons in hippocampus and entorhinal
cortex [63,239].

Convulsant-treated animals, as models for epilepsy,
show decreased spine density as a mgjor effect [131,134].
Immediately after an induced epileptic seizure in naive
animals there is spine loss, dendritic swelling, and evi-
dence of excitotoxic neuron death [68,131]. The initia
pathology is followed by complex structural changes that
may contribute to the reoccurrence of seizures. In dentate
gyrus, where deafferentation is usually followed by sprout-
ing and recovery (Section 4.1), convulsion-induced spine
reductions recover in conjunction with mossy fiber colla
teral sprouting [131,195]. However, signs of pathology
also continue to be present with decreased spine density on
pyramidal neurons [134], and electron-dense spines on
degenerating dendrites [65].

Convulsant application to hippocampal slice cultures has
aso been used to study mechanisms of epilepsy
[61,188,276]. Epileptiform activity in these slices produces
up to 40% reduction in dendritic spines. This spine loss, as
well as the observed pyramidal neuron degeneration, can
be partially prevented by glutamate receptor antagonists
[276].

4.9. Traumatic injury, tumors, and edema

Traumatic injury to the brain or spina cord that lesions
axons can lead to spine pathology by two routes. antero-
grade axonal degeneration as discussed in Section 4.1, and
retrograde degeneration of the neurons whose axons were
severed [219]. Axotomized neurons often develop a shrun-
ken, dark appearance with dendritic atrophy and loss of
dendritic protrusions [2,30,280]. Many of these neurons
die, but this depends on the extent of target deprivation and
other factors [172,219]. Concussive brain injury can
produce diffuse axonal damage that leads to severance of
axons, and anterograde and retrograde degeneration [209].
This axona damage is apparently due to the disassembly
of microtubules and disruption of axona transport. Rela-
tively little evidence is available for transport-related
dendritic damage but dendrites do show the same immedi-
ate argyrophilia as mechanically-damaged axons [95].
Varicose dendrites, possibly due to the accompanying
ischemia and edema, have been noted after trauma
[37,95,90,219].
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Brain edema often produces focal hydropic swelling of
dendritic trunks (Section 3.5). Dendritic varicosities with
swollen or retracted spines are found in the edematous
neuropil surrounding traumatic lesions or tumors
[38,46,257]. Dendritic varicosities and associated spine
loss are aso seen in neocortical neurons of rats with
experimentally induced hydrocephalus [178].

A variety of other spine changes can be seen in injured
brain tissue [38,257]. Electron-dense spines (Section 4.7)
can be found on dying neurons in edematous brain tissue
[38] and near brain tumors [257]. The spine apparatus can
be fragmented, dilated or hypertrophic (Fig. 6). Spines can
aso be enlarged with hypertrophic endosoma compart-
ments or a hypertrophic cytoskeleton (Fig. 10).

4.10. Transmissible diseases

Any disease that severely taxes the heath of the body
has potential consequences for neurona health and surviv-
a, and therefore might be expected to induce some forms
of spine pathology. As mentioned above, bacterial and
viral infections during brain development can lead to loss
of neurons and subsequent mental defects. For example,
vird infections in the fifth week of gestation have been
implicated in neuronal loss leading to autism [47,53]. The
mature CNS is aso vulnerable to infections. Bacterial
infections of the brain and cerebral spina fluid can lead to
neuronal death, especialy in hippocampus and neocortex
[191]. Viruses may infect the central nervous system
producing neurona loss and even dementia and death
[190,210]. Particularly notorious are lentiviruses such as
human immunodeficiency virus and lyssaviruses causing
rabies. Lentiviral infections produce decreased spine den-
sity in neocortical pyramidal cells [175,187], and a global
reduction in spine length [185]. Focal swelling of de-

ndrites, progressing to spongiform encephalopathy, has
been reported in rabies [40].

Dendritic spine loss has also been observed in neocorti-
cal and hippocampa pyramidal neurons, and cerebellar
Purkinje cells in prion diseases such as Creutzfeldt—Jakob
disease and scrapie [15,29,39,72,79,123,135,140]. Prion-
0ses show characteristic neuron loss [15,19,133]. In the
cerebellum large numbers of granule cells can be lost with
consequent deafferentation of Purkinje cells [26,148]. In
these cases, Purkinje neurons have polymorphic spines and
axonless spines completely ensheathed by astrocytic pro-
cesses. The progression of transmissible human spon-
giform encephalopathy (kuru), as evaluated in monkeys
inoculated from diseased human brain [19,20], is par-
ticularly enlightening. Eight weeks after inoculation Pur-
kinje neurons exhibited norma numbers of spiny branch-
lets, with normal spine density and no elongated spines.
Neuron loss began to be evident at 8 weeks and increased
progressively. At 13 weeks, spine density was dramatically
increased with large numbers of elongated spines. Elon-
gated spines with tortuous necks persisted at 22, 40 and 94
weeks post-inoculation, while the number of spiny branch-
lets decreased progressively during this time. Spine density
on the remaining branchlets remained above normal at 22
and 40 weeks. At 94 weeks post-inoculation, spine density
was far below norma on the remaining dendrites. The
progression of neuron loss accompanied first by spine
proliferation and elongation, and subsequently by dendritic
atrophy and spine loss, is suggestive of spine pathology as
a compensatory response to axon 10ss in prionosis.

4.11. Progressive neurodegenerative diseases

Neurodegeneration is common in aging. According to

Fig. 10. Hypertrophy of spine organelles in human epitumorous cortex. Left: An enlarged dendritic spine from human peritumorous neocortex synapses
with a normal looking axon termina (A). The spine is filled with multiple, large multivesicular bodies (asterisks). Scale=200 nm. Right: A dendritic spine
from human peritumorous neocortex synapses with an axon terminal (A). The spine contains aglomerrations of finely filamentous cytoskeletal material
(asterisk), perhaps belonging to dense plates of a spine apparatus. Scale=300 nm. (Reprinted with permission from Ref. [257]. Copyright 1987

Springer-Verlag).
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Peters et a. [207], layer | of prefrontal cortex becomes
significantly thinner due to 30—60% reduction in density of
synapses per unit volume in old monkeys. This loss is
accompanied by a reduction in the number of apical
dendrites and their spines indicating age-related degenera-
tive changes of pyramidal cells. These changes are sig-
nificantly correlated with the Cognitive Impairment Index
and behavioral data. Patterns of ‘norma’ aging overlap
considerably with the more severe conditions leading to
dementia [205]. Dementia in Alzheimer's, Pick’s, Huntin-
gton's, and Parkinson's diseases, and in multiple infarct
patients, are all associated with neuronal death in cortical
and/or subcortical structures, and with a loss of dendritic
spines.

There is a progressive loss of dendritic spines from
hippocampal pyramidal neurons in Alzheimer's disease
[67,78,236]. Spines are also lost from dentate granule cells
[58,66,99], and neocortical pyramidal neurons [14,39,237].
The synapse loss in Alzheimer’s disease is accompanied
by a compensatory increase in synapse size [234,235].
Frontal dementia also exhibits neuron loss and extensive
spine loss in cortex [16]. Spine loss in neocortical neurons
aso accompanies other progressive neurodegenerative
diseases such as Pick’'s disease [71] and motor neuron
disease [80].

Loss of dopaminergic neurons from the substantia nigra
is a hallmark of Parkinson’s disease. The striatal neurons
that normally receive this dopaminergic projection exhibit
fewer dendritic spinesin Parkinson’'s disease [181], similar
to the effects of deafferentation by lesion of the nigrostriat-
a projection discussed in Section 4.1. Spine loss is aso
seen in neurons of locus ceruleus and substantia nigra in
Parkinson's disease [202,203]. Striatal neurons in Huntin-
gton’'s disease show increased spine density in moderate
cases, but decreased spine density in severe cases [70].
Transgenic mice expressing mutant huntingtin also exhibit
spine loss from striatal and cortical neurons [108].

Given that oxidative stress may contribute to a number
of progressive neurodegenerative diseases [11,100], it
seems relevant to mention here that reactive oxygen
species can produce spine pathology. Rat hippocampal
CA1 pyramidal neurons show spine loss 1 day after
oxidative stress induced by a 4 h exposure to ozone [10].
Similar spine lossis seen in prefrontal cortex, striatum, and
olfactory bulb, with vacuolation of dendrites and spines
[9,50].

4.12. Schizophrenia

Decreased spine density has been found in schizophrenic
subjects in pyramidal cells of temporal and frontal cortex
[98]. Smaller spines have been reported in the striatum of
schizophrenics [223]. These findings may be confounded
by use of antipsychotic drugs. Chronic exposure to the
antipsychotic drug haloperidol in rats can lead to reduced

spine density [138]. In a study with controls for the effects
of antipsychotic medications, spine loss was seen in
dorsolateral prefrontal cortex [101]. This decreased spine
density appears to reflect a reduction of excitatory inputs
due to neuronal loss in mediodorsal thalamic nucleus.

4.13. Abnormal hormone levels

Abnormal levels of thyroid, gonadal and adrena hor-
mones are known to induce spine pathology. Some aspects
of thyroid hormone deficiency have been aready men-
tioned in the context of malnutrition. Hypothyroidism
during brain development results in reduced spine density
on spiny neurons in adulthood [227], through effects on
cell proliferation [151] and axonal growth [287]. These
deficits can be prevented by thyroxine treatment provided
it begins early enough in development [229]. Adult
thyroidectomy leads to spine loss from cortical pyramidal
cells [228]. Hyperthyroidism leads to spine loss in hip-
pocampal pyramidal cells in adult animals as well [106],
and to developmental deficits similar to hypothyroidism
[151].

Spine density in some brain regions fluctuates by 30%
during the female reproductive cycle in response to
changing levels of ovarian hormones [242,301]. Ovariec-
tomy results in a sustained lower spine density on CA1l
pyramidal cells [300], and in hypothalamic neurons [91].
However, gonadectomy in male rats results in increased
spine density in hypothalamus [55,92].

While acute stress can increase hippocampal spines in
male rats [242], prolonged stress appears to produce
hippocampal atrophy through the action of adrena hor-
mones [232]. Chronic exposure to stress or stress hor-
mones, results in atrophy of the dendritic arbor of CA3
pyramidal cells [166,291,302]. This dendritic atrophy is
accompanied by atrophy of axonal afferents from dentate
granule cells, resulting in a decrease in the total number of
dendritic synapses but no decrease in spine density on CA3
neurons [253,266]. Loss of spines in neocortical and
hippocampal pyramidal neurons has been reported in mice
with autoimmunity-associated behavioral syndrome resem-
bling animals exposed to chronic stress [231]. Adrenalec-
tomy results in dentate granule cell loss and similar
synaptic loss on CA3 neurons as described for stress
[156,254].

5. Discussion
5.1. Data reliability
In reviewing such a broad literature we have included

data obtained by a large variety of methods with varying
degrees of reliability. Most human tissue, being post-
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mortem material, was analyzed with rapid Golgi impreg-
nation. Golgi techniques were also widely used in animal
experiments for quantitative estimations of spine density.
The non-uniformity of Golgi impregnation [126,296] and
the difficulty of counting spines in light microscopy no
doubt introduces some inaccuracies in the results. For
example, some studies report spine densities of only 0.3
spines per wm of dendrite in control dentate granule cells
[6,8], whereas other Golgi studies report much higher
spine densities of 1 spine per wm [59]. Thus, spines may
not be fully impregnated and/or counted in al cases. For
reliable conclusions, control tissue should aways be
prepared for comparison. Even then, small increases or
decreases in numbers of dendritic spines will be very
difficult to detect by light microscopy.

Similarly problematic are single-section electron micro-
scopic studies used to quantify changes in spine shape, in
spine head size, in the lengths and diameters of spine
necks, and in the size, shape and distribution of synapses
[98,111]. Rarely have the appropriate three-dimensional
techniques been applied to these problems. Many findings
will remain controversial until serial section analyses and
unbiased stereological techniques are employed.

Another issue is the time interval between withdrawal
and fixation of postmortem brain tissue [126]. Typica
delays place substantial burdens on the health of the
neurons. Ramon y Cgjal noted that it is possible to watch
‘before ones eyes' the swelling of dendrites and resorption
of spines during the first half-hour after exitus [218].
Biopsy material, fixed quickly, is surely much better
preserved. In any case, an anoxia of several minutes as
well as possible mechanica injury must be taken into
consideration as it could negatively influence spine struc-
ture.

Also critical is the timing of measurements in relation-
ship to the stage of a disease, age of patient, sex and even
time of reproductive cycle. Spine loss and gain is a
continually ongoing, normal brain process, such as in the
hippocampal variation during the estrus cycle [299]. These
ongoing variations place added importance to experimental
timing and careful controls.

Obviously, no one biopsy or postmortem sample can be
taken as proof of spine pathology associated with a
condition. However, most studies compared a number of
samples to similarly prepared samples from normal pa-
tients. Based on such findings replicated in multiple studies
and animal experiments, the types of spine pathology we
have reviewed and classified are supported by substantial
evidence. Taken together the data show that consistent
spine pathology occurs in many disorders independent of
the methods used and is not just an artifact of suboptimal
postmortem fixation as recently suggested [94].

5.2, Common causes

Some aspects of spine pathology are commonly found in
a large number of conditions. This is especidly true of

spine loss and elongation, which have both been found in
deafferentation, neuronal agenesis, malnutrition, alcohol
abuse, poisoning and spongiform encephalopathy (Table
1), as well as in many forms of mental retardation (Table
3). These similar spine pathologies in very different
conditions raise the question of whether common causes
exist. Does the spine pathology in mental retardation arise
from similar causes as the spine pathology in deafferenta
tion, for example?

One possibility suggested for the common spine
pathologies seen in various forms of mental retardation is a
developmental defect intrinsic to dendrites and spines
[125,137]. This hypothesis interprets the spine pathologies
seen in most types of mental retardation as abnormal
functioning of the spiny neuron. But the characteristic
pattern of alterations is found in too large a variety of
conditions to think that these changes represent failures of
the postsynaptic cell alone. Given that selective deaf-
ferentation can produce analogous abnormalities in the
target neurons (Sections 4.1 and 4.2), the data appears to
support an alternative view in which the spiny neuron is
functioning normally in abnormal conditions.

In this aternative hypothesis the characteristic spine
pathology seen in conditions such as mental retardation
would be due primarily to a loss of afferent axons. As in
acute deafferentation, spines that have lost axonal synapses
would retract and spine density would consequently de-
crease. The loss of afferents might also provoke normal
(though exaggerated) compensatory mechanisms. In some
cases, spines might be stabilized by lower affinity synapse-
like junctions with glia or non-axona neuronal com-
ponents. The lower density of axons in the vicinity of
afflicted neurons might also provoke elongation of spines
in an effort to reach the axons that are now farther away.
Spines that succeed in making high affinity synaptic
contacts might also become enlarged to increase the now
deficient excitatory input.

Taken as a whole the data indicate that spine loss occurs
when there is widespread neuronal loss. Neuron loss would
at least partialy deafferent spiny neurons. Significant
deafferentation would be expected to produce the charac-
teristic spine pathology of decreased spine density, long
and tortuous spines, and aberrant and enlarged synapses.
Other studies have aso recognized that the synapse loss in
Alzheimer's and other neurodegenerative diseases is at-
tributable to deafferentation by neuron loss [150,292]. In
some cases the locus of spine loss can serve as a guide as
to which afferents are missing and therefore which regions
of the brain are deficient in neurons, as previously sug-
gested by Scheibel and Scheibel [238]. Spine pathology
might also be exacerbated by a loss of adequate mecha-
nisms, like neurogenesis or axonal sprouting, that normally
compensate for neuronal loss in the mature brain. Given
evidence of elongated, tortuous, and giant spines, we
would argue that postsynaptic compensatory mechanisms
are functioning, but maintenance of afferents may be
defective.



J.C. Fiala et al. / Brain Research Reviews 39 (2002) 29-54 a7

Golgi studies and fluorescent microscopy studies need to
be extended with ultrastructural studies to verify the fate of
synapses and to assess the role of the pathological spinein
bridging the distance between dendrite and axon. Three-
dimensional ultrastructural studies would be able to assess
the distribution of axons in the vicinity of afflicted
dendrites. A sparser distribution of axons, with elongated
spines reaching out to these few remaining inputs, would
provide strong evidence that the afferent distribution
contributes to distortions of spine shape. In support of this
hypothesis, fluorescent labeling for synaptophysin reveals
a decrease in axon labeling in regions of spine pathology
in both Rett syndrome [23,24] and in transmissible spon-
giform encephalopathy [21]. However, to determine if the
longer spines make synapses, serial electron microscopy
would appear to be required [84].

Detailed studies are needed to detect differences in the
spine pathologies of different disorders. The effects of
acute deafferentation may look superficially similar to
spine pathology in a particular form of mental retardation,
but ultrastructural investigation may reveal that the spine
abnormalities are really quite different. Similarly, some
forms of mental retardation may have very different spine
pathologies, but too few detailed studies are available to
determine whether differences exist.

6. Conclusions

The present classification of spine pathologies is no
doubt incomplete. Many forms remain to be described in
detail. Two main types of spine pathology appear to
commonly arise. One type of pathology appears to be due
to disruption of neurona connectivity, such as following
deafferentation. This pathology is most frequently char-
acterized by the spine loss and disordered spine morpholo-
gy commonly seen with light microscopy. The other type
of pathology follows injury to or alterations in the neuron
on which the spine resides. This pathology is characterized
most often by a change in the ultrastructural composition
of the spine, though dramatic changes in dendritic struc-
ture, such as focal swelling, are sometimes visible even
with light microscopy.

Pathology of dendritic spines may seem like an overly
specialized area, but given the centrality of spines to
excitatory input in principal neurons, it is emerging as an
unusually important branch of neuropathology. Studying
the pathology of dendritic spines will undoubtedly contrib-
ute to understanding both the pathogenic aspects of central
nervous system disease and normal dendritic spine func-
tion.
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